Abstract Microscopic findings in Alzheimer's disease (AD) at autopsy include a wide cortical distribution of beta amyloid (Aβ)-containing plaques and diminished numbers of pyramidal neurons in CA1 of hippocampus and tyrosine hydroxylasepositive (TH+) neurons in the locus coeruleus (LC). To better understand the neuropathology underlying cognitive decline in AD, we analyzed the AD-type neuropathology in brains of triple transgenic (3×Tg) mice harboring mutations for APP swe , PS1 M146V , and tau P301L . Histochemical and immunohistochemical staining and computerized stereology were carried out in age-matched young, early middle age, and late middle age 3×Tg mice. The 3×Tg mice showed an intracellular Aβ deposition in subiculum and CA1 pyramidal neurons and an extracellular distribution of amyloid plaques specifically in the subiculum of hippocampal formation and in neocortical layer V. The 3×Tg mice also showed an age-related loss of TH+ neurons in LC, with a loss of 37% of these neurons at 15 months of age. There was no loss of CA1 neurons at any age examined. Reduced ADtype neuropathology in CA1 of 3×Tg mice suggests a possible neuroprotective role for high intracellular-to-extracellular ratios of insoluble Aβ deposits. Understanding the neurobiology of this apparent neuroprotection could lead to an improved understanding of age-related cognitive function in general, and the development of novel strategies for the therapeutic management of AD patients.
effective treatments to slow the inexorable process of the disease.
The neuropathological diagnosis of AD is confirmed on the basis of semi-quantitative evidence of amyloid plaques and neurofibrillary tangles in cortical brain regions (Price et al. 1991; Berg et al. 1998) . Among the brain regions associated with neuron loss in AD are marked reductions in pyramidal neurons in the CA1 subregion of hippocampus (West 1993; Ridley et al. 1995; West et al. 2000) and tyrosine hydroxylase-immunopositive (TH+) neurons in the locus coeruleus (LC) (Chan-Palay and Asan 1989; German et al. 1992; Manaye et al. 1995; Busch et al. 1997; Berridge and Waterhouse 2003; Yu and Dayan 2005; Doya 2008 ). Since neuron numbers in LC and CA1 are not diminished during normal (non-demented) brain aging (West 1993; Mouton et al. 1994; Ohm et al. 1997) , the loss of these neurons appears to play a critical role in the progressive cognitive decline in AD (Price et al. 1991; Manaye et al. 1995; Berg et al. 1998; Mattson 2004; Grudzien et al. 2007 ). According to the amyloid hypothesis, the conversion of betaamyloid (Aβ) from soluble to insoluble forms triggers the formation of amyloid plaques and neurofibrillary tangles. To date, however, the connection between these neuropathological markers and neuron loss in CA1 and LC is poorly understood vis-à-vis the progressive, age-related cognitive impairment in AD.
The development of transgenic techniques and cloned mutations associated with familial AD led to the development of heuristically useful transgenic rodent phenotypes with one or more of the neuropathological changes associated with AD. A common feature in these transgenic rodents is the overexpression of AD-type mutations for amyloid precursor protein (APP), a transmembrane protein that cleaves to form mutant beta-amyloid (Aβ) peptides, leading to the deposition of mutant Aβ-containing amyloid plaques in cortical tissue. The overexpression of a single APP mutation in mice leads to deposits of mutant Aβ peptides and progressive deposition of cortical amyloid plaques starting in middle age, but fails to achieve sufficient levels of extracellular mutant Aβ necessary for AD-type neuron loss Duyckaerts et al. 2008; van Dooren et al. 2005) . The double transgenic (dtg) over-expression of APP mutations with a human mutation for presenilin 1 (PS1) causes greater deposition of Aβ-containing amyloid plaques starting at younger ages (Duff et al. 1996; Borchelt et al. 1997; Holcomb et al. 1998 ), leading to AD-type neuron loss by 12 to 18 months, and cognitive impairment in late middle age (18 months). Over-expression of the Swedish APP mutation with the delta E9 mutation of presenilin 1 (dtg APP swe /PS1 ΔE9 ) leads to heavy deposition of amyloidogenic Aβ 1-42 in cortical tissue (Borchelt et al. 1997 ) and significant age-related loss of TH+ neurons in the LC by 12 months of age Liu et al. 2008) . By 15 to 18 months of age, these dtg APP swe /PS1 ΔE9 mice show a strong correlation between total Aβ-containing plaque volume (amyloid load) and loss in total numbers of pyramidal neurons in the CA1 region and noradrenergic neurons in LC Liu et al. 2008; Manaye et al. 2010) , together with alterations in the total numbers of synapses in the striatum radiatum (West et al. 2009 ). By the late middle age (18 months), these dtg APP swe /PS1 ΔE9 mice show impaired performance on spatial memory tasks that is strongly correlated to Aβ load values (Savonenko et al. 2005 ). As a model for understanding the neuropathological substrates underlying ADtype progressive cognitive decline, the dtg APP swe / PS1 ΔE9 mice recapitulates many of the histopathological and cognitive changes found in AD; however, two neuropathological markers of AD that do not occur in dtg APP swe /PS1 ΔE9 mice are neurofibrillary tangles and intracellular Aβ deposits in cortical tissue. Microinjection of APP swe and tau P301L mutations into single cells derived from monozygous PS1 M146V knockin mice results in AD-type phenopathology that includes deposition of intracellular Aβ; extracellular Aβ-containing amyloid plaques; and phosphorylated tau (phospho-tau) pathology, a precursor to neurofibrillary tangles (Oddo et al. 2003a, b; Rohn et al. 2008; Mastrangelo and Bowers 2008; Overk et al. 2009 ). Furthermore, the distribution of phospho-tau pathology in 3×Tg mice closely recapitulates the spatial distribution of tangles found in AD (Oddo et al. 2003a, b) .
The present study used immunocytochemistry, histochemistry, and computerized stereology to investigate the spatiotemporal distribution of AD-type neuropathology, including age-related losses of pyramidal neurons in CA1 and TH+ neurons in LC in 3×Tg mice, in comparison to similar changes in dtg APP swe /PS1 ΔE9 mice Liu et al. 2008; Manaye et al. 2010 ).
Materials and methods

Mice
To assess age-related changes in AD-type neuropathology, n=16 female 3×Tg mice were divided into three age groups: young (8 months, n=6), middle age (12 months, n = 5), and late middle age (15 months, n=5). Mice were obtained by Dr. Scott Turner at the Georgetown University Medical Center in Washington, D.C., USA. Brains were fixed in situ by intra-arterial perfusion and processed as detailed below at Dr. Kebreten Manaye's laboratory at Howard University College of Medicine in Washington, DC. All protocols and procedures were in strict compliance with animal care and handling guidelines from the National Institutes of Health and the Animal Care and Use Committees at the Georgetown University Medical Center and the Howard University College of Medicine in Washington, D.C., USA
Tissue preparation
Tissue processing, sectioning, and staining of female 3×Tg mice in this study followed the same procedures used previously to prepare age-matched dtg APP swe / PS1 ΔE9 female mice (Borchelt et al. 1997 ) for designbased stereology Manaye et al. 2010) . In this study, n=16 female 3×Tg mice were sacrificed by perfusion with 4% paraformaldehyde fixative in 0.1 M phosphate-buffered saline, pH 7.4 (PBS). The brains were removed and stored at −80°C until sectioning. Each brain was serially sectioned in the coronal plane on a frozen sliding microtome at an instrument setting of 40 μm. Two entire regions of interest, LC and hippocampus, were sampled in a systematic-random manner for computerized stereology studies, as detailed elsewhere Mouton et al. 2009; Manaye et al. 2010 ; for stereology review, see Mouton 2002) .
Tissue processing
For quantification of total numbers of TH+ neurons, a set of systematic-random sections throughout the LC were collected in 12-well plates and washed in 0.1 M PBS, incubated in 1% hydrogen peroxide for 30 min at RT, washed again in 0.1 M PBS, and placed in 0.3% Triton X-100 for 10 min at RT. Sections were transferred into 5% normal goat serum in 0.1 M PBS for 30 min at RT to block non-specific binding, then incubated overnight in rabbit anti-tyrosine hydroxylase antibody (polyclonal, Chemicon International, Temecula, CA, USA) diluted to 1:1000 with 2% normal goat serum and 0.3% Triton X-100 in 0.1 M PBS at 4°C. After incubation, sections were washed in 0.1 M PBS and incubated in biotinylated secondary goat anti-rabbit antibody (1:400, Vector Laboratories, Burlingame, CA, USA) with 1% normal goat serum in 0.1 M PBS for 90 min at RT. Sections were washed in 0.1 M PBS and re-incubated for another 90 min in ABC solution (Vector Laboratories, Burlingame, CA, USA) at RT, rinsed in 0.1 M PBS, and colorized using DAB (Vectastain kit, Vector Laboratories, Burlingame, CA, USA) for 6 to 10 min. All sections for TH immunocytochemistry were lightly counterstained in a 0.1% solution of cresyl violet, rinsed, dehydrated through an ascending graded series of alcohol, cleared in xylene, and coverslipped. Adjacent sets of sections were processed using the same immunocytochemical approach for visualization of intracellular amyloid deposits and phospho tau. Systematic-random sections through the hippocampus were immunostained with mouse anti-6E10 antibody (monoclonal, Covance, Princeton, NJ, USA) and mouse anti-PHF-Tau (clone AT8, Thermo Scientific Pierce, Rockford, IL, USA) diluted to 1:1000 and 1:100, respectively. To visualize extracellular amyloid deposits, an adjacent set of systematic-random sections through the hippocampus was counterstained with Congo red for estimation of total amyloid volume (load), as reported previously (Lee et al. 2005; Mouton et al. 2009 ). Finally, for quantification of pyramidal neurons in CA1, an adjacent set of 8-12 sections through the hippocampus were sampled in a systematic-random manner and histochemically stained with 0.1% cresyl violet, dehydrated through an ascending alcohol series, cleared in xylene and coverslipped. The average section thickness after all tissue processing was 17 μm±2 SEM.
Reference spaces and stereology methods On sets of systematically sampled sections, two reference spaces (CA1, LC) were outlined under low power magnification (×4), with borders of the reference spaces defined according to the stereotaxic mouse brain atlas of Franklin and Paxinos (2008) .
Because TH immunoreactivity is not confined to specific or readily definable LC subnuclei, we quantified the TH+ neurons in the LC region of the brainstem, including the nucleus subcoeruleus. For both LC and CA1, a total of about 100 to 200 neurons were counted within using a high-resolution oil immersion objective (×60, 1.4 NA). Mean total neuron numbers in CA1 of the hippocampus and TH+ neurons in LC were estimated using the optical fractionator (West et al. 1991) , and the total volume of Congo redstained amyloid (amyloid load) in the subiculum region of the hippocampus was estimated using the area fraction probe, as previously detailed (Long et al. 1998; Mouton 2002; Mouton et al. 2009; O'Neil et al. 2007) . Neurons were distinguished from other cell types on the basis of neuronal phenotype, i.e., nucleolus, a well-formed nuclear membrane and, in the case of noradrenergic neurons in the LC, TH immunoreactivity. To avoid artifacts at the sectioning surface, e.g., lost caps, a guard volume where no cells were counted was observed a minimum of 2 μm above and below the disector. Sampling of each reference space was continued to a mean coefficient of error of 0.05 to 0.10, according to Gundersen et al. (1999) . Amyloid plaque distribution in 3×Tg mice was examined by three histological methods, one histochemical stain (Congo red), and two immunohistochemical stains (6E10 and 4 G8) to determine its distribution pattern and detect age-related changes in density or distribution of AD-type Aβ plaques in hippocampus and neocortex regions. A trained operator blind to treatment carried out these stereology studies with assistance from a computerized stereology system (Stereo Investigator, MBF Bioscience, Williston, VT, USA).
Statistical analysis
Age-related differences were assessed using ANOVA and correlations between parameters by the Pearson product moment, respectively, with statistical significance at p≤0.05.
Results
All three staining methods confirmed age-related increases in Aβ peptide deposits, amyloid plaques, and phospho tau in hippocampal formation and neocortex from young adult to late middle age in 3×Tg mice (Fig. 1) . Congo red staining revealed extracellular amyloid deposits primarily restricted to the subiculum region of the hippocampal formation and layer V of neocortex ( Figs. 1 and 2 ). Immunostaining with 6E10 and 4G8 confirmed intracellular Aβ-immunopositive deposits in the pyramidal neuron layer of CA1, a region without extracellular plaques stained by Congo red. Computerized stereology was used to assess total number (total N) of neurons in two regions, the LC and CA1 subregion of the hippocampus, that are associated with neuron loss in AD. As shown in Fig. 3 , there was a significant 37% reduction in the mean total number of TH+ neurons in LC of late middle-aged mice compared to that in young adult mice (p<0.05). In early middle-aged 3×Tg mice, there was a 26% reduction from total number of TH+ mice in LC of young adult mice (p<0.05), and a nonsignificant reduction in late middle-aged mice compared to early middle-aged mice (p=0.2). There was also an age-dependent increase in plaque volume in the hippocampal area of 3×Tg mice (p<0.05; Fig. 4) . In contrast to these significant age-related changes, there was no relationship between age and number of CA1 pyramidal neurons (Fig. 5) .
Discussion
The availability of transgenic mouse models with ADtype neuropathology provides the opportunity to better understand the interaction between the deposition of these markers and age-related neuron loss that correlates strongly with the progression of dementia in AD. Although amyloid plaques and neurofibrillary tangles in cortical brain regions have historically been the microscopic neuropathology markers of AD, these structures occur in normal (non-demented) brain aging and fail to correlate with the severity of cognitive decline (Price et al. 1991; Berg et al. 1998; Mattson 2004; van Dooren et al. 2005; Duyckaerts et al. 2008) . In contrast, the finding of neuron loss in circuits associated with cognitive function is thought to play a central role in the progressive dementia in AD (Price et al. 1991; Manaye et al. 1995; Berg et al. 1998; Mattson 2004; Grudzien et al. 2007 ).
The cause(s) of age-related cognitive loss is currently unknown in AD or for transgenic mouse models that form AD-type amyloid plaques containing mutant Aβ peptides. Studies in humans and experimental animals support the view that shortterm memory loss in AD is closely related to disruptions in hippocampal circuitry, particularly pyramidal neurons in the CA1 subregion (Squire 1992) . Furthermore, disruptions in the noradrenergic LC are thought to account for a wide spectrum of behavioral abnormalities in AD, including apathy, agitation, anxiety, irritability, dysphoria and aberrant motor behavior, delusion, disinhibition, anxiety, and German et al. 1992; Busch et al. 1997; West et al. 2000; Grudzien et al. 2007; Weinshenker 2008) . Because neuron losses in LC and CA1 do not occur during normal brain aging (West 1993; Mouton et al. 1994; Ohm et al. 1997) , understanding the process underlying the degeneration of these brain regions could provide important clues to the underlying cause of cognitive decline in AD.
This study investigated neuron loss in LC and CA1 of two mouse models of AD-type neuropathology with variable intracellular/extracellular ratios of Aβ immunocytochemistry in hippocampus. We report several remarkable similarities and differences in the 3×Tg mouse line (Oddo et al. 2003a, b) compared to the dtg APP swe /PS1 ΔE9 (Borchelt et al. 1997 ). The 3×Tg mice showed significant age-related loss of TH + neurons in LC that was significantly correlated to increasing accumulation of extracellular amyloid plaques, with stability in the total number of pyramidal neurons in CA1. The lack of age-related loss of CA1 neurons in 3×Tg mice distinguishes this line from dtg APP swe /PS1 ΔE9 (Manaye et al. 2010 ) and the APP SL PS1KI model (Casas et al. 2004 ), both of which report significant loss of pyramidal neurons in CA1 of the hippocampus at 13 and 17 months of age, respectively. Since the oldest 3×Tg mice in this study were 18 months of age, the possibility remains that CA1 neuronal loss occurs at later ages.
The spatiotemporal pattern of amyloid plaques and intracellular/extracellular Aβ deposition in cortical tissue of 3×Tg differs markedly from that in dtg APP swe /PS1 ΔE9 mice. As reported in previous studies of 3×Tg mice (Carroll et al. 2007; Mastrangelo and Bowers 2008; Oh et al. 2010 ) and 5×Tg mice (Oakley et al. 2006) , our studies of 3×Tg mice show agerelated increases in intraneuronal Aβ-immunoreactive deposits in the subiculum and, to a lesser extent, in the neocortex and hippocampal CA1 region. In contrast, there was little to no evidence of intraneuronal Aβ immunoreactivity in the subiculum, hippocampus, or neocortex of the dtg APP swe /PS1 ΔE9 mouse. In addition to age-related intraneuronal accumulation of Aβ peptides in the subiculum, there is progressive deposition of extracellular Aβ-immunoreactivity in the subiculum and occasionally in hippocampus and entorhinal cortex starting around 8 months of age in the 3×Tg mice. In the dtg APP swe / PS1 ΔE9 mice, the progressive increase in the deposition of amyloid plaques begins about 4 months earlier (Borchelt et al. 1997; Manaye et al. 2007; Mouton et al. 2009; Manaye et al. 2010 ) than in the 3×Tg mice. Compared to age-matched dtg APP swe /PS1 ΔE9 mice, Congo red histochemistry and immunocytochemistry for 6E10 and 4G83xTg mice showed noticeably diminished levels of peak amyloid staining and Aβ deposition in hippocampus. In the dtg APP swe /PS1 ΔE9 mice, there was early deposition of Aβ immunoreactive deposits in hippocampus, with spread to subiculum and neocortex regions, whereas Aβ immunoreactive deposits in 3×Tg mice were primarily limited to the subiculum. Thus, the two lines of mice showed distinct spatial and temporal patterns of deposition of intracellular Aβ and extracellular Aβ, as well as different rates of amyloid plaque formation in the hippocampus and neocortex.
Our computerized stereology analysis indicates stability in the number of pyramidal neurons in CA1 of 3×Tg mice, together with high ratios of intracellular/extracellular deposition of Aβ peptides in CA1 region. This high ratio of intracellular/extracellular Aβ in the CA1 region of the 3×Tg mouse supports an attractive hypothesis for the lack of pyramidal neuron loss in the CA1 region: diminished inflammatory reactivity coincident with reduced extracellular deposition of mutant human Aβ peptides. In the dtg APP swe /PS1 ΔE9 mice, which have relatively heavy deposition of extracellular Aβ peptides and no detectable levels of intracellular Aβ in the CA1 region, neuron loss occurs in both the LC and CA1 Liu et al. 2008; Manaye et al. 2010) . Thus, relatively low concentrations of extracellular Aβ peptides in the CA1 region of the 3×Tg mice may protect pyramidal neurons in CA1 against inflammatory damage and death secondary to reactive neurogliosis. In support of this idea, the 3×Tg mice show markedly reduced levels of astrocytic activation, as evidenced by reduced GFAP immunoreactivity in the molecular layers of the CA1 region compared to that in dtg APP swe /PS1 ΔE9 mice.
Although 3×Tg mice deposit phospho-tau in hippocampal regions in an age-related manner, this neuropathology does not appear to be associated with cognitive decline in these mice. A line of 3×Tg mice with a repressible human tau variant were developed (Santacruz et al. 2005 ) that over-express mutant tau by 7-13 fold, resulting in mice that develop a tauopathy associated with neurodegeneration and impaired cognitive function. Prior to the extracellular deposition of AD-like distributions of Aβ and tau pathologies, the 3×Tg mice develop long-term potentiation in association with intracellular Aβ immunoreactivity. After suppression of transgenic tau, memory function recovered in these mice despite continued accumulation of NFTs. This finding indicates that NFTs alone likely cannot account for the cognitive decline in this 3×Tg model of tauopathy. Although no morphometric studies were carried out in that study, the observed cognitive impairment could result from loss of noradrenergic innervation to cortical brain regions, which, according to the present study, begins to increase in an age-dependent manner by early middle age (12 months) in the 3×Tg line. In support of the view that loss of TH+ neurons in LC may be responsible for the cognitive impairment in 3×Tg mice, dtg APP swe /PS1 ΔE9 mice show cognitive impairment at age 18 months (Savonenko et al. 2005) . Since both the 3×Tg and dtg APP swe /PS1 ΔE9 lines have significant loss of TH+ neurons in LC by 18 months of age, but the total number of pyramidal neurons in CA1 is stable in the 3×Tg mice, the loss of noradrenergic innervation to cortical regions may be responsible for the cognitive impairments in both the 3×Tg mice and the dtg APP swe /PS1 ΔE9 mice.
